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Abstract
The BNL-AGS E906 experiment was the first fully electronic experiment to produce and study double hypernuclei with large
statistics. Two dominant structures were observed in the correlated pi−–pi− momentum matrix at (ppi−H ,ppi−L) = (133,114) MeV/c
and at (114,104) MeV/c. In this work we argue that the interpretation of the structure at (133,114) MeV/c in terms of 3
Λ
H+4
Λ
H
pairs is questionable. We show, that neither a scenario where these singe-Λ hypernuclei are produced after capture of a stopped
Ξ− by a 9Be nucleus nor interactions of energetic Ξ− with 9Be nuclei in the target material can produce a sufficient amount of
such twin pairs. We have therefore explored the conjecture of Avraham Gal that decays of the 4ΛΛn may be responsible for the
observed structure. Indeed, the inclusion of 4ΛΛn with a two-body pi
− branching ratio of 50% in a statistical multifragmentation
model allows to describe the E906 data remarkably well. On the other hand, a bound 3
Λ
n nucleus would cause a striking structure
in the momentum correlation matrix which is clearly inconsistent with the observation of E906.
Keywords: hypernuclei, statistical decay model
1. Introduction
Recently, a candidate for a weakly unbound resonant tetraneutron was observed in the missing-mass spectrum
measured in the double-charge-exchange reaction 4He(8He,8Be) at the Radioactive Isotope Beam Factory of RIKEN
[1]. Prior to this experiment, first positive indications of such a nucleus were found in 2002 at GANIL employing
the breakup of 14Be nuclei [2]. In the hypernuclear sector, the HypHI Collaboration investigated peripheral 6Li+12C
interactions at GSI and found intriguing enhancements in the d+pi− and t+pi− invariant mass. These enhancements
were interpreted as weak decays of neutral 3
Λ
n hypernuclei [3].
From the theoretical point of view, the tetraneutron is rather controversial. Several theoretical models exclude the
existence of a bound or narrow resonant tetraneutron [4–8]. On the other side, calculations of Lashko and Filippov [9],
Shirokov et al. [10, 11] as well as Gandolfi et al. [12] support a slightly unbound tetraneutron with a resonance energy
in agreement with the RIKEN measurement. In the case of the neutral 3
Λ
n hypernucleus, the theoretical position is
clear: based on our present understanding of strange nuclei, this nucleus should not be bound [13–17].
In view of this challenging situation – experimentally as well as theoretically – it is surely justified to explore the
possibility of other bound or resonant neutral baryonic systems as well. Of particular interest are nuclear systems with
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Figure 1. Left: Momenta of two correlated pions measured by the E906 collaboration (grey squares). Overlaid are production yields of various
twin pairs (blue), double hypernuclei with a stable ground state only (red) and double hypernuclei with one or more bound excited states (green).
The areas of the circles are proportional to the production yields predicted by the statistical multifragmentation model (SMM), the center of the
circles are given by the pi− momenta for two-body decays. Pionic decay probabilities are not included here. The neutral hypernuclei 3
Λ
n and 4
ΛΛ
n
were not considered in these simulations. Right: SMM production probabilities are folded with the pionic two-body weak decay branching ratios
(Tab. 1) and the momentum resolution of the E906 experiment. The box marks the region of the enhancement seen by the E906 experiment.
two Λ hyperons. The onset of binding in light double Λ-hypernuclei has a considerable impact on our understanding
of three-body forces in dense baryonic matter. For charged double hypernuclei, the theoretical situation is unclear for
the A = 4 4ΛΛH nucleus [18–21], but binding is expected to definitely set in for A = 5 double hypernuclei [22–24].
Unfortunately, there is no consensus about the stability with respect to either the ΛΛn [25–27] nucleus or the 4ΛΛn
nucleus [17, 28, 29].
In this work we reconsider data taken by the AGS-E906 experiment which searched for double hypernuclei via
their sequential pionic decay [30]. Studying different production scenarios, we find hints for a bound 4ΛΛn system.
2. The E906 puzzle
In 2001, the AGS-E885/E906 collaboration announced the first ’mass production’ of about 30 4ΛΛH events based
on ∼104 stopped Ξ− [30]. The ΛΛ-hypernuclei are identified through the sequential weak decay via pi− emission after
a (K−,K+) reaction deposited two units of strangeness in a 9Be target. Since the pion momenta are unique fingerprints
of weak hypernuclear decays, coincidences between two negative pions helped to trace the sequential decay of a
ΛΛ-nucleus or pairs of single hypernuclei, so called twin hypernuclei. Two dominant structures were observed in the
correlated pi−–pi− momenta at (ppi−H ,ppi−L) = (133,114) MeV/c and at (114,104) MeV/c (see gray histogram in the left
part of Fig. 1). Another less significant enhancement is also visible at (136,99) MeV/c. Here, ppi−H (ppi−L) denotes the
higher (lower) momentum of the two pions. It is the signal at (133,114) MeV/c whose explanation is still obscure and
which represents the E906 puzzle discussed in this paper.
To model the E906 experiment, we assume that a Ξ− is captured by a 9Be target nucleus. We employ a statistical
multifragmentation model (SMM) [31, 32] to predict the production of various hyperfragments. The excitation energy
of the initial 10ΛΛLi* system is determined by the binding energy of the captured Ξ
− at the time of the pΞ− → ΛΛ
conversion.
In principle we can distinguish between the conversion from an atomic bound state and from a nuclear bound
state. Unfortunately, until now very little experimental data on the nuclear interaction of Ξ− hyperons is available.
Calculations of light Ξ atoms [33] predict that the conversion of the captured Ξ− from states with relatively small
binding energies of only ' 100 keV dominates. The available data suggest a nuclear potential depth around 20 MeV
2
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Table 1. Accessible decay channels with twin-hypernuclei (upper rows) or ΛΛ-hypernuclei (lower rows) of an excited 10
ΛΛ
Li∗ hyperfragment which
was formed after capture of a stopped Ξ− by a 9Be nucleus. The pion momenta and the branching ratios are given for two-body pi− decays.
The neutral nucleus 4
ΛΛ
n has not been observed yet and its stability is controversial [17, 29]. Also the 3
Λ
n [3] needs further confirmation. Both
hypernuclei are not included in the production probability calculations shown in Fig. 1 and column 7.
decay channels pi− decay two-body pi− production probability
momenta branching only only 3
Λ
n +
(MeV/c) ratios no neutral 3
Λ
n 4ΛΛn
4
ΛΛn
3
Λ
n→ 3H+pi− 3
Λ
H→ 3He+pi− 119 114 0.25 0.249 - 0.0002 - 0.0002
3
Λ
n→ 3H+pi− 5
Λ
He→ 4He+p+pi− 119 99 0.25 0.17 - 0.0121 - 0.0120
3
Λ
n→ 3H+pi− 6
Λ
He→ 6Li+pi− 119 108 0.25 0 - 0.0012 - 0.0011
3
Λ
n→ 3H+pi− 7
Λ
Li→ 7Be+pi− 119 108 0.25 0.24 - 0.2421 - 0.2380
3
Λ
H→ 3He+pi− 3
Λ
H→ 3He+pi− 114 114 0.249 0.249 0.0001 0.0001 0.0001 0.0001
3
Λ
H→ 3He+pi− 5
Λ
He→ 4He+p+pi− 114 99 0.249 0.17 0.0001 0.0001 0.0001 0.0001
3
Λ
H→ 3He+pi− 6
Λ
He→ 6Li+pi− 114 108 0.249 0 0.0053 0.0039 0.0052 0.0039
3
Λ
H→ 3He+pi− 7
Λ
He→ 7Li+pi− 114 115 0.249 0.10 0.1112 0.0824 0.1086 0.0806
4
Λ
H→ 4He+pi− 5
Λ
He→ 4He+p+pi− 133 99 0.51 0.17 0.0716 0.0533 0.0701 0.0524
4
Λ
H→ 4He+pi− 6
Λ
He→ 6Li+pi− 133 108 0.51 0 0.0981 0.0727 0.0960 0.0716
4
ΛΛn→ 4ΛH + pi− 4ΛH→ 4He+pi− 118 133 0.25 0.51 - - 0.0227 0.0170
4
ΛΛH→ 4ΛHe + pi− 4ΛHe→ 4Li+pi− 117 98 0.25 0.19 0.0087 0.0066 0.0085 0.0063
5
ΛΛH→ 5ΛHe + pi− 5ΛHe→ 4He+p+pi− 134 99 0.20 0.17 0.0209 0.0159 0.0205 0.0153
6
ΛΛHe→ 5ΛHe + p + pi− 5ΛHe→ 4He+p+pi− 101 99 0.17 0.17 0.0234 0.0174 0.0229 0.0171
7
ΛΛHe→ 7ΛLi + pi− 7ΛLi→ 7Be+pi− 109 108 0.14 0.24 0.1022 0.0759 0.1002 0.0747
8
ΛΛHe→ 8ΛLi + pi− 8ΛLi→ 8Be+pi− 116 124 0.13 0.027 0.1005 0.0745 0.0983 0.0733
120 0.148
9
ΛΛHe→ 9ΛLi + pi− 9ΛLi→ 9Be+pi− 117 121 0.11 0.1 0.0229 0.0130 0.0224 0.0167
7
ΛΛLi→ 7ΛBe + pi− 7ΛBe→ 7B+pi− 101 96 0.14 0 0.0002 0.0001 0.0002 0.0001
8
ΛΛLi→ 8ΛBe + pi− 8ΛBe→ 8B+pi− 109 97 0.13 0 0.0369 0.0273 0.0359 0.0269
9
ΛΛLi→ 9ΛBe + pi− 9ΛBe→ 9B+pi− 123 97 0.11 0.14 0.1012 0.0753 0.0990 0.0748
(see e.g. Refs. [34–37]) which corresponds to typical nuclear binding energies of BΞ− ≈ 4.5 MeV. For 9Be nuclei, the
capture of a Ξ− at rest with BΞ− = 0 MeV corresponds to about 29.5 MeV excitation energy. A larger initial Ξ− binding
energy results in lower excitation energies. Indeed, the excitation functions of all important decay channels are rather
flat at excitation energies between about 25 and 30 MeV [38]. As a consequence, the results of the simulations will
only depend weakly on whether the Ξ− conversion happens from an atomic bound state with BΞ− ≈ 0 MeV or from a
nuclear bound state at BΞ− ≈ 4 MeV. If not mentioned otherwise, we assume in the following BΞ− = 0 MeV and thus
fix the initial excitation energy of the 10ΛΛLi* system at 29.5 MeV.
The circles in the left part of Fig. 1 show the relative probabilities for the production of bound twin (blue circles)
and double hypernuclei (green or red) in the E906 experiment after the capture and conversion of a stopped Ξ−, i.e.
Ξ−+9Be→ 10ΛΛLi∗ with BΞ− = 0 MeV. The centers of the circles are fixed by the pion momenta for mesonic two-body
decays (cf. Tab. 1). The area of the circles in Fig. 1 is proportional to the respective production probability. The
ground state and corresponding bound excited states - if they exist - have been added. Weak decay probabilities are
not yet taken into account in this graph. The numbers are also listed in the 7th column in Tab. 1.
In the original publication of E906, the bump at (114,104) MeV/c was attributed to pionic decays of the double
hypernucleus 4ΛΛH [30]. Later analyses showed, however, that this interpretation may not be unique [32, 39, 40] and
suggested an interpretation of this structure in terms of 7ΛΛHe instead [32, 40].
Considering the two pion momenta in the third and fourth column of Tab. 1, the weak cluster of events at
(136,99) MeV/cmay be related to decays of 5ΛΛH or
4
ΛH +
5
ΛHe twins. On first sight, a larger momentum of ppi−H ≈136 MeV/c
seems high compared to the expected momenta of 133.6 or 132.9 MeV/c. Important aspects, however, are the limited
statistics of the data, the uncertainty of the 5ΛΛH binding energy and the accuracy of the absolute momentum calibration
of about 1 MeV/c. Indeed, a fit to the projection of the (133,114) MeV/c region onto the ppi−H-axis gave a peak posi-
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Table 2. Probability per produced Ξ− for different S=-2 channels by nuclear Ξ−+9Be reactions and by stopped Ξ− hyperons. Here, SH (DH) stands
for single (double) hypernucleus, respectively. In case of the stopped Ξ− process a capture × conversion probability for producing excited ΛΛ
nuclear systems of 5% was taken into account. The probabilities in the last 5 columns are multiplied by 104.
process probability [%] model Λ+Λ Λ+SH SH+SH DH 3
Λ
H+4
Λ
H
Ξ−+9Be 2.83 GiBUU 37.2 20.9 0.070 3.23 0.016
stopped Ξ− 4.65 × 0.05 SMM 10
ΛΛ
Li∗ 0.525 6.365 6.659 9.699 0
tion at 134.5±1.8 MeV/c [41], compared to the expected 132.9 MeV/c. Thus, the interpretation of the (136,99) MeV/c
structure in terms of 5ΛΛH or of
4
ΛH +
5
ΛHe decays cannot be ruled out. Furthermore,
4
ΛH +
6
ΛHe twins may contribute:
two-body decays of 6ΛHe would contribute at ppi−L ≈ 108 MeV/c. In early emulsion studies, however, no two-body
decays of 6
Λ
He were found, although the decays of the neighboring isotopes 5
Λ
He and 7
Λ
He have been seen [42], in-
dicating the potential sensitivity of these experiments to 6
Λ
He → 6Li+pi− decays. On the other hand, 31 three-body
modes pi−+2H+4He have been observed in total [43, 44]. Three-body decays, for which experimental information
on the pion range or its kinetic energy is available [45, 46], indicate pion momenta around 95 MeV/c. Although we
neglect two-body decays of 6
Λ
He in the following, the three-body mode may contribute, therefore, to the enhancement
at (136,99) MeV/c.
The real E906 puzzle is related to the second dominant structure with (ppi−H ,ppi−L) = (133,114) MeV/c. Obviously,
there is no strong decay channel appearing which could produce a bump at (133,114) MeV/c. Because of the two
central momenta, the interpretation in terms of 3
Λ
H+4
Λ
H twins seemed inevitable (cf. Tab. 1). However, the 3
Λ
H+4
Λ
H+t
mass lies above the initial mass m0 = m(Ξ−)+m(9Be) and can therefore not be produced in the Ξ−stopped+
9Be compound
nucleus production scheme. Similar intriguing is the fact that statistical decay models usually predict a production of
4
Λ
H+4
Λ
H twins which exceeds the 3
Λ
H+4
Λ
H production [32]. Including additionally the different branching ratios for
two-body pi− decays of Γpi−+3He/Γtotal ≈ 0.26 [47] and Γpi−+4He/Γtotal ≈ 0.5 [48], the absence of a bump which could be
attributed to 4
Λ
H+4
Λ
H is even more puzzling.
The right part of Fig. 1 shows the result of the SMM calculations now taking into account the pionic two-body pi−
branching ratios and the momentum resolution of 3.5 MeV/c of the E906 experiment. The binning of the momentum
scale is the same as in the experimental matrix of E906. The applied branching ratios are listed in Tab. 1. A detailed
justification of these numbers can be found in Ref. [49]. The dashed rectangle highlights the region of the enhance-
ment seen by the E906 experiment. Even after weak decays, no accumulation of events in the region of interest is
discernible.
As already stressed before, the 3
Λ
H+4
Λ
H+t mass lies well above the initial mass m0 = m(Ξ−) + m(9Be) and such
twins can therefore not be produced in the Ξ−stopped+
9Be compound production scheme. Of course, the capture from a
nuclear bound state can not result in the production of 3
Λ
H+4
Λ
H twins. In principle, 3
Λ
n-4
Λ
H pairs could also produce an
enhancement around (133,114) MeV/c. However, the 3
Λ
n+4
Λ
H+3He mass exceeds the available energy as well. With
an energy of 12.6 MeV below m0, the channel 4ΛH+
6
Λ
He is the most likely twin in the present scenario, followed by
the 4
Λ
H+5
Λ
He+n decay. Taking into account that no two-body decay of 6
Λ
He are observed (see previous discussion)
and given the experimental precision of ≈1 MeV/c for the momentum calibration in E906 [30], neither the decay
of 4
Λ
H+6
Λ
He with (133,108) MeV/c nor decays of 4
Λ
H+5
Λ
He pairs with (133,99) MeV/c seem to explain the structure
around (133,114) MeV/c.
The experimental plot of E906 contains a total of NE906total = 820 counts in 378 bins. Out of these, N
E906
2 = 111 events
are found in the region of interest marked by the rectangle in left panel of Fig. 1, giving a raw ratio of NE9062 /N
E906
total
= 0.13. Note, that the simulations do not include background from free hyperon decays or from multi-body decays,
which usually will produce relatively low momentum pion pairs. In order to correct the data for this background,
we take the three upper horizontal rows with ppi−H > 152 MeV/c and the first three vertical columns with ppi−L <
89 MeV/c in Fig. 1 as being representative for an equally distributed background. This resulted in 1.24 background
events per bin and a corrected relative signal strength of ÑE9062 /Ñ
E906
total =(111-35)/(820-469) = 0.22±0.04stat. In the
SMM results shown in the right panel of Fig. 1 this strength is a factor of 25 smaller, namely 8.7·10−3. Obviously,
these simulations are far from being able to explain the structure observed by the E906 experiment.
In view of this puzzling situation, a production process different from the ones discussed so far seems to be
necessary in order to explain the singular structure at (133,114) MeV/c in terms of 3
Λ
H+4
Λ
H twins. In Ref. [30] it has
4
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already been suggested that nuclear reactions of energetic Ξ− hyperons within the beryllium target may be a possible
source of 3
Λ
H+4
Λ
H twins. As an alternative, Avraham Gal conjectured in a talk at the HYP-2003 conference that the
sequential weak decay 4ΛΛn→ pi−+4ΛH (see also Tab. 1) might also cause an enhancement around (133,114) MeV/c
[50, 51]. In the following we will explore both suggestions.
3. Can Ξ−-9Be reactions resolve the puzzle?
The (K−,K+) reaction employed by E906 produces Ξ− hyperons with a broad momentum spectrum. Only Ξ− with
momenta below approximately 500 MeV/c can be stopped with high efficiency in a target material. More energetic
Ξ− hyperons will decay in flight or will perform hadronic interactions which eventually may produce hypernuclei as
well.
The Ξ− momentum distribution of E906 was obtained from a fit to the free Ξ− energy spectrum of E906 [41] and
a transformation to a momentum scale. These Ξ− hyperons were propagated in the beryllium target by means of a
GEANT simulation. The in-flight Ξ− decays represent with 92.5% the dominating process. In total, 4.65% of the free
Ξ− are brought to rest in the beryllium target and may be captured to form a double hypernucleus. With 2.83%, the
probability for a Ξ−-9Be reaction is similar to the probability of stopped Ξ−.
In order to estimate the contribution by secondary Ξ−+9Be nuclear interactions to the production of 3
Λ
H+4
Λ
H twins,
the momentum distribution of interacting Ξ−s was convolved with predictions of the Giessen Boltzmann-Uehling-
Uhlenbeck (GiBUU) transport model [52, 53]. Two different YN-interaction models were considered, which are
based on the microscopic calculations of the Nijmegen group by Rijken and Yamamoto [54, 55] and by Fujiwara
et al. [56] (see Ref. [53] for more details). While for the Fujiwara model the production of two free Λ particles
continuously increases, the Rijken model predicts a maximum around an incident energy of 100 MeV followed by a
continuous decline for rising energy. This can be traced back to the different behaviour of the ΞN cross sections: in the
Rijken model the elastic channel basically vanishes and the inelastic channel drastically drops down at higher energies.
On the other hand, both channels stabilize at a finite value in the Fujiwara description [53]. As a consequence, the
production of twin hypernuclei is about a factor of 5 larger when using the Fujiwara description. Since we are mainly
interested in an upper limit of the 3
Λ
H+4
Λ
H twin production, we focus on the results with the Fujiwara model.
Over the whole relevant momentum range, two free Λ particles or a free Λ plus a single Λ-hypernucleus (Λ+SH)
are the dominating channels. Only at low momenta, where the stopping probability of Ξ− hyperons is also large,
double hypernuclei (DH) have a similar probability to be produced. The most remarkable fact is that even with the
Fujiwara model the probability for twin hypernuclei is well below the per mille level. The production of 3
Λ
H+4
Λ
H
twins in particular reaches only a probability per interaction of the order of 10−4. The first row in Tab. 2 summarizes
the production probabilities for various channels by Ξ−+9Be interactions. These probabilities are normalized to the
total number of produced Ξ− in the (K−,K+) reaction.
Concerning the production via stopped Ξ− hyperons, a comparable rate estimate has to take into account not only
the Ξ− production and stopping probability but also the capture probability, the pΞ− → ΛΛ conversion and finally
the fragmentation processes. The latter is treated by the statistical multifragmentation model. However, the other two
missing pieces – capture and conversion – require additional considerations.
Unfortunately, a complete description of the Ξ− atomic cascade and the pΞ− → ΛΛ conversion is not feasible
at present and would require further theoretical inputs. However, several theoretical estimates for the capture and
sticking probability exist which can be used as a guidance [57–63]. Existing experimental data from earlier emulsion
experiments also provide an estimate for these two factors [64]. Consistent with these estimates, we assume a Ξ−
capture × pΞ− → ΛΛ conversion probability of 5% and describe the subsequent decay of the excited ΛΛ pre-fragment
by the statistical multifragmentation model [32].
Comparing both production schemes in Tab. 2, it is apparent that Ξ−+9Be reactions strongly contribute to the
production of free Λ particles. The production of pairs of one free Λ hyperon with one single Λ-hypernucleus and of
ΛΛ-nuclei is comparable to the yield from stopped Ξ− reactions as well. However, the production of twin hypernuclei
(SH+SH) is about two orders of magnitude less likely compared to the yield of twins or double hypernuclei from
the stopped Ξ− process. Of course, these estimates might have significant uncertainties caused e.g. by unknown
branching ratios or uncertainties in the pΞ− → ΛΛ-conversion process. But it is also clear from the numbers in Tab. 2
that neither stopped Ξ− hyperons nor energetic Ξ−+9Be interactions are able to produce 3
Λ
H+4
Λ
H pairs in such a large
5
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amount to be comparable to the production of other twin hypernuclei or double hypernuclei. We therefore conclude,
that interactions of quasi-free produced Ξ− hyperons within the 9Be target can not solve the E906 puzzle.
Figure 2. Momenta of two correlated pions predicted by the statistical decay model which includes the production and decay of hypothetical
neutral 4
ΛΛ
n and 3
Λ
n hypernuclei. In the upper row only 4
ΛΛ
n were allowed with a pionic two-body branching ratio of 25% (left) and 50% (right),
respectively. The lower, left plot shows the case where only 3
Λ
n is considered. In the lower right panel both neutral hypernuclei were taken into
account. The box in each plot marks the region of interest where the enhancement by the E906 experiment has been observed.
4. Can a neutral 4
ΛΛ
n nucleus solve the puzzle?
Motivated by the possible pi− momenta (see Tab. 1), Avraham Gal suggested the sequential weak decay of a hypo-
thetical neutral 4ΛΛn as a source for the (133,114) MeV/c structure, [50, 51]. However, this neutral ΛΛ-hypernucleus
has not been observed yet and its stability is still controversial [15, 17, 29].
In order to test this hypothesis, we implemented the 4ΛΛn as a possible decay product in the SMM model. To
fix its mass, we assumed a binding energy of BΛΛ = 3 MeV. In addition, we included the 3Λn nucleus in some of the
calculations. Hints for this neutral hypernucleus have been presented by the HypHI collaboration [3]. However, this
nucleus is also highly controversial [13–16] and clearly needs further experimental confirmation. The default values
for the assumed two-body pi− branching ratios and the corresponding pi− momenta are listed in Tab. 1.
6
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Figure 3. Relative strength N2/Ntotal of the structure at (133,114) MeV/c predicted by the statistical multifragmentation model as a function of the
assumed binding energy of the 4
ΛΛ
n nucleus. The two different curves show results for different values for the Ξ− binding energy at the time of the
pΞ− → ΛΛ conversion. For the 4
ΛΛ
n nucleus a pionic branching ratio of Γ2B
pi− /Γtot = 50% was assumed in all calculations. The
3
Λ
n nucleus was not
allowed as a decay channel.
Besides the experimental momentum resolution of 3.5 MeV/c of E906, one has to bear in mind that these neutral
hypernuclei will not be stopped prior to their weak decay, but instead will decay in flight. In the SMM model, the
kinetic energy of the 4ΛΛn and
3
Λ
n were calculated event-by-event and found to be rather low. For orientation, in case
of an initial 10ΛΛLi* at 29.5 MeV excitation energy, the produced
4
ΛΛn nuclei have an average kinetic energy of about
2.4 MeV. This kinematic smearing causes an additional broadening of the (133,114) MeV/c bump by about 9 MeV/c
(FWHM) in horizontal direction which corresponds to 3 bins in Fig. 1. Similarly, the neutral 3
Λ
n single hypernucleus
will decay in flight, leading to an additional smearing of the pi− momentum from its two-body decay as well.
As before, we consider a Ξ− capture and conversion process at rest as the principle production scheme, thus
forming a 10ΛΛLi* system with 29.5 MeV excitation energy. Figure 2 shows the momentum correlations of produced
pion pairs for different conditions. These plots should be compared to the right panel of Fig. 1, where no neutral
hypernuclei were allowed. Numbers for the production probability for the different channels prior to the weak decay
are listed in Tab. 1. In the upper left panel in Fig. 2 only 4ΛΛn has been allowed as an additional decay product. For the
pionic decay 4ΛΛn→ pi−+4ΛH a two-body branching ratio of Γ2Bpi− /Γtot = 25% was adopted as the default value. Compared
to Fig. 1, a clear enhancement in the region of interest marked by the rectangle is visible. Increasing the branching
ratio to 50% (upper, right panel) produces a local structure which resembles the experimental observation of E906 in
Fig. 1. Indeed, calculating the ratio between the number of events within the white rectangle and the total number of
entries in the upper right plot, we find a value N2/Ntotal = 0.23. This is remarkable close to the value of 0.22±0.04
previously determined for the E906 data.
Besides the branching ratio, the binding energy of the 4ΛΛn nucleus and the assumed binding energy of the Ξ
−
hyperon producing the two Λ hyperons determine the strength of the (133,114) MeV/c structure in the SMM calcu-
lations. The blue dots in Figure 3 summarize the dependence of the relative strength N2/Ntotal of the structure at
(133,114) MeV/c on the assumed binding energy of the 4ΛΛn nucleus. A two-body pionic branching ratio of Γ
2B
pi− /Γtot
= 50% was assumed in all calculations for 4ΛΛn. The
3
Λ
n nucleus was not allowed as a decay channel. The yellow
band marks the experimental value of E906. As indicated above, a good agreement is found for 4ΛΛn binding ener-
gies between about 1.5 and 4 MeV. Considering possible systematic uncertainties in the E906 data and in the SMM
calculations, even for B( 4ΛΛn) = 1 MeV the signal strength of N2/Ntotal = 0.16 is still compatible with the data.
As mentioned before, the initial excitation energy of the 10ΛΛLi* depends on the binding energy of the Ξ
− at the time
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Figure 4. Relative strength N2/Ntotal of the structure at (133,114) MeV/c versus the strength N4/Ntotal of the enhancement around (108,119) MeV/c
predicted by the SMM model for different assumptions on the two-body pionic branching ratios of the neutral hypernuclei. The rectangular area
marks the region suggested by the E906 experiment.
of conversion. We, therefore, repeated the SMM calculations for an excitation energy of 25 MeV. This is equivalent to
a Ξ− binding energy of 4.5 MeV, thus representing the capture from a hypernuclear bound state. In this scenario, the
SMM calculations shown by the red triangles in Fig. 3 require a 4ΛΛn binding energy of at least 3 MeV to reproduce
the E906 data. A smaller two-body pionic branching ratio of 4ΛΛn would increase this value even further which would
clearly be outside of our present understanding of the 4ΛΛn structure.
5. What about the astounding 3
Λ
n nucleus?
If the 3Λn nucleus is included as a possible decay channel, the threshold for
3
Λ
n+7
Λ
Li production is as low as
21.3 MeV above the 10ΛΛLi ground state. Because of this rather low threshold, the production probability for this decay
channel is rather high at the nominal excitation energy of 29.5 MeV. As a consequence a pronounced structure appears
at (108,119) MeV/c which is caused by two-body decays of 3
Λ
n+7
Λ
Li twins (see lower parts in Fig. 2). Such a singular
enhancement is clearly not consistent with the E906 data. Including additionally the 4ΛΛn nucleus (lower, right panel
in Fig. 2), does not help to remove this inconsistency.
To study this quantitatively, we define a triangular signal area by ppi−L > 98 MeV/c and ppi−H < 125 MeV/c (see
lower right plot in Fig. 2). Subtracting the background as before, we obtain an experimental relative signal strength for
this region of NE9064 /NE906total = 0.27 ± 0.05stat. The rectangle in Fig. 4 marks the E906 data in the N4/Ntotal vs. N2/Ntotal
plane. The colored symbols are results of SMM calculations. All simulations which discard the production of 4ΛΛn
(green dots) are far away from the experimental values independent on the two-body branching ratio. Only if 4ΛΛn is
included and if the two-body branching ratio for 3
Λ
n is very small or switched off (black stars), the experimental values
of E906 are approached. Finally we note, that including three-body decays of 6
Λ
He (see discussion above) would move
the lower right black star into the rectangle.
The HypHI measurement also indicates strong contributions from multibody decays 3
Λ
n→ d+n+pi− [3]. Because
of the low Q-value, pions from this decay will also contribute to the region around (108,119) MeV/c. In such a
situation, even a very small two-body branching ratio may not be sufficient to avoid the pronounced structure at
(108,119) MeV/c. Therefore, if the underlying picture of the hypernucleus production is indeed correct, the present
SMM calculations make it highly unlikely that a bound 3
Λ
n nucleus is produced in the E906 experiment.
Before concluding this section, we return to the 4ΛΛH nucleus, which has originally been suggested as the main
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source of the (114,104) MeV/c structure. Compared to the SMM calculations for stopped Ξ− hyperons, the GiBUU
simulations for Ξ− + 9Be reactions predict an additional contribution to the production of 4ΛΛH which is about a
factor of 2 larger. Still, its summed production probability is a factor of 4 lower than the one for 7ΛΛHe. Thus,
4
ΛΛH
decays may indeed contribute to the (114,104) MeV/c structure. However, the large momentum broadening of about
10 MeV/c (FWHM), caused by 4ΛHe → 4Li decays will prevent the formation of a prominent structure in the pi−-pi−
momentum correlation.
6. Conclusion
Neutral nuclei remain a challenge for the field of conventional nuclei as well as for hypernuclear studies. Despite
many recent promising experimental results, the question of their stability is not yet answered beyond doubt. The
E906 experiment was the first fully electronic experiment to produce and study double hypernuclei with large statistics.
Unfortunately, the interpretation of the measured pi−–pi− momentum correlation is still blurry because the hypothesized
production of 3
Λ
H+4
Λ
H pairs remains questionable. In this paper we have shown that neither a scenario where the
double hypernuclei are produced after capture of a stopped Ξ− nor reactions of energetic Ξ− with 9Be nuclei in the
target can produce a sufficient amount of such pairs. We have therefore explored the conjecture that decays of the
4
ΛΛn may be responsible for the observed structure. Considering bound
4
ΛΛn production with a two-body pi
− branching
ratio of 50% in the statistical multifragmentation model, this describes the measured data of the E906 experiment
remarkably well. At the same time these calculations exclude the existence of a bound 3
Λ
n with a large two-body pi−
branching ratio in the range of 25%.
Clearly, this study should not be considered as a direct proof for the existence of a bound neutral double hyper-
nucleus 4ΛΛn. Nonetheless, the proposed scenario provides at present the most consistent explanation for the pion
momentum correlations observed by the E906 experiment. Experimentally, a search for a direct detection of 4ΛΛn
could e.g. be performed by the current J-PARC E07 emulsion experiment. In particular, the newly developed so
called ’vertex picker’ scanning system, which does not rely on the incoming Ξ− track [65] could be very efficient to
identify isolated two-vertex events from in-flight decays of 4ΛΛn. In that sense, we hope that this work will stimulate
further discussions and experimental activities which – finally – may help to solve the E906 puzzle.
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